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GTP hydrolysis occurs at several specific stages During this process, the 48S initiation complex (con-
taining eIF2, GTP, Met-tRNAi, and other initiation fac-during the initiation, elongation, and termination
stages of mRNA translation. However, it is unclear tors) scans along the 5-untranslated region of the mRNA
to identify the start codon (usually AUG, complementaryhow GTP hydrolysis occurs; it has previously been
suggested to involve a GTPase active center in the to the anticodon on Met-tRNAi). Once the start codon
has been identified, eIF5 is required for the hydrolysisribosome, although proof for this is lacking.
Alternatively, it could involve the translation factors of the GTP, which leads to the release of Pi, eIF2 (as
eIF2.GDP), and other factors from the ribosome [1, 2].themselves, e.g., be similar to the situation for
small G in which the GTPase active site involves This then allows the 60S subunit to join to form an active
80S complex. eIF5 (a monomer of 49 kDa in mammalsarginine residues contributed by a further protein
termed a GTPase-activator protein (GAP). During [3]) interacts directlywith eIF2 (a heterotrimer of subunits
, , and ). The interaction between eIF2 and eIF5 istranslation initiation in eukaryotes, initiation factor
eIF5 is required for hydrolysis of GTP bound to eIF2 essential for eIF’s function in translation [4]. This interac-
tion involves the  subunit of eIF2 [5], although it is(the protein which brings the initiator Met-tRNAi
to the 40S subunit). Here we show that eIF5 displays eIF2 that binds GTP and shows homology to other
GTPases [6]. For other GTPases, such as Ras and G,the hallmarks of a classical GAP (e.g., RasGAP).
Firstly, its interaction with eIF2 is enhanced by AlF4. arginine residues play critical roles in the active site.
These may be provided by theG protein itself (as for G),Secondly, eIF5 possesses a conserved arginine
(Arg15) which, like the “arginine fingers” of classical with GTP hydrolysis being stimulated by conformational
changes associated with the binding of the G protein toGAPs, is flanked by hydrophobic residues.
Mutation of Arg15 to methionine abolishes the other proteins (e.g., regulators of G protein signaling,
RGS, [7]). Alternatively, as for Ras, the requisite arginineability of eIF5 either to stimulate GTP hydrolysis
or to support mRNA translation in vitro. Mutation residue(s) are provided in trans by a GTPase activator
protein (GAP, [8]). A number of translation factors (includ-studies suggest that a second conserved arginine
(Arg48) also contributes to the GTPase active site ing elongation and release factors) bind GTP, and it has
previously been assumed that the ribosome contains aof the eIF2.eIF5 complex. Our data thus show that
eIF5 behaves as a classical GAP and that GTP GTPase-activating center. Although it has been known
for several years that eIF5 is required for the hydrolysis ofhydrolysis during translation involves proteins
extrinsic to the ribosome. Indeed, inspection of their eIF2-bound GTP, its true function has remained unclear.
Here we address this issue.sequences suggests that other translation factors
may also act as GAPs.
eIF5 was expressed as a Myc-tagged protein in E. coli and
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Eukaryotic initiation factor eIF5 plays a key role in transla- bound to eIF2 and thus preferentially binds the GTP-
liganded form of the protein. A particularly striking find-tion initiation following recognition of the start codon.
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Figure 1
Nucleotides differentially modulate the
interaction of eIF5 with eIF2. (a) Human eIF5
was PCR amplified from a cDNA library,
engineered to contain a Myc tag at the N
terminus, and cloned into the vector pET21a.
Protein expression was induced by IPTG for
3h, and the protein was then purified to
homogeneity by ion-exchange
chromatography on MonoQ followed by
MonoS. The two arginine point mutants were
created by site-directed mutagenesis
(QuikChange kit, Stratagene), and the
corresponding proteins were prepared
similarly. The lane marked “M” contains
molecular weight markers. (b) Co-
immunoprecipitation. Purified eIF2 from
HeLa cells, preincubated with either buffer,
GDP, GTPS, or GDP (each at 200 M) in
the presence of AlF4, was incubated with
purified recombinant wild-type eIF5. We
used anti-myc antibodies to
immunoprecipitate complexes, subjected the
complexes to SDS-PAGE, and immunoblotted
them for the -subunit of eIF2 (shown by an different conditions were quantified by (Arg15Met) and eIF5 (Arg48Met) mutant
arrow). Immunoglobulin heavy (IgGH) and light densitometry (NIH Image software). The proteins with eIF2. Experiments were carried
chains (IgGL) are also indicated. We also ratios of the signals for eIF2 and eIF5 were out and analyzed as described for panel (b).
probed blots with anti-myc antibodies to calculated and then expressed as a percentage No eIF2 was observed in
normalize for loading. (c) Quantification of of the control reaction performed in the immunoprecipitation reactions performed in
co-immunoprecipitation data. The amounts of absence of added nucleotide (n  3,  SEM). the absence of eIF5 (“no eIF5”).
eIF2 and eIF5 that coprecipitated under (d) Co-immunoprecipitation of eIF5
ing was that addition of aluminum fluoride, in the pres- (Figure 3a). eIF5 (Arg48Met) showed similar activity to
the wild-type eIF5, but the Arg15Met mutant was essen-ence of GDP, led to a very substantial increase in the
binding of eIF2 to eIF5, especially when this binding tially inactive. This suggests that in the GTP hydrolysis
reaction Arg15 plays a critical role similar to that of con-was compared to that observed in the presence of GDP
alone. Aluminum fluoride plus GDP acts as a structural served arginines in other GAPs [8]. On the other hand,
Arg48 does not appear to be essential for this. The keymimic of the transition state of the GTPase reaction for
G proteins, and the ability of GDP-AlF4 to enhance arginine residues in themoreN-terminalmotif 1 of certain
other GAPs, such as RasGAPs, RapGAPs, RhoGAPs, andprotein-protein interactions is taken as a hallmark of the
interaction of aGTPase with its cognateGTPase-activator YptGAPs, are flanked by conserved hydrophobic residues,
which are important in the structures of RasGAP andprotein (GAP), as shown for Ras, Cdc42, Ran, Rap, and
their respective GAPs (see [8, 9]). RhoGAP [8]. It is therefore notable that Arg15 is also
flanked by conserved hydrophobic residues; the 2, 1,
and 	1 positions are always occupied by phenylalanine,Conserved arginyl residues play a key role in the functions
tyrosine, and tyrosine, respectively (Figure 2). This find-of the GAPs acting on these small G proteins and are
ing further substantiates the conclusion that eIF5 acts astermed “arginine finger” motifs [8, 10]. These GAPs gen-
a classical GAP using an arginine finger. This region oferally possess two such arginyl residues, in motifs 1 and
eIF5 also contains an imperfect Walker Box Amotif, which2, which play important but distinct roles in GAP function
is a feature of proteins that bind ATP or GTP. However,[8]. Examination of the sequences of eIF5 from diverse
data from direct binding assays, cross-linking studies, andspecies reveals that only two arginine residues are com-
isothermal microcalorimetry shows that eIF5 does notpletely conserved, and both are located close to the N
itself bind nucleoside triphosphates (J. K. Tyzack, D.terminus (Arg15 and Arg48 in the mammalian sequence,
Gourley, and C. G. P., unpublished data). This is alsoFigure 2). To examine their roles in the function of eIF5,
consistent with eIF5 acting as a GAP rather than beingeach was mutated separately to methionine (uncharged
a GTPase itself, as had previously been suggested [11].but similar sterically to arginine). The eIF5 (Arg15Met,
or Arg15 changed to methionine) and eIF5 (Arg48Met)
mutant proteins were expressed in E. coli and purified as Mutation of the arginine residue in motif 2 of neurofi-
bromin (a RasGAP) results in the loss of the effect of AlF4above (Figure 1a). They were then tested for their ability
to promote hydrolysis of GTP in 40S initiation complexes on its interactionwith Ras-GDP [9]. Similarly, mutation of
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Figure 2
The N-terminal region of eIF5 contains two
completely conserved arginyl residues. We
used GeneDoc to align sequences for eIF5
from Homo sapiens (Hs), Rattus norvegicus
(Rn), Saccharomyces cerevisiae (Sc),
Schizosaccharomyces pombe (Sp),
Caenorhabditis elegans (Ce), Zea mays (Zm),
and Phaseolus vulgaris (Pv). Arrows indicate
the conserved arginyl residues (colored red).
Other residues that are identical in all
sequences are colored blue. The hydrophobic
residues surrounding Arg15 are shaded in
yellow.
the second conserved arginine in eIF5 (Arg48) rendered does not display altered binding to eIF2 supports the
conclusion that this residue does not alter the structurethe interaction of eIF5 with eIF2.GDP insensitive to
AlF4 (Figure 1d). Arg48 may therefore correspond to the of the protein but provides a key residue for catalysis.
second arginine found in classical GAPs, which plays a
role in stabilizing the transition state but not directly in To investigate further the effects of the arginine substitu-
tions on the biological activity of eIF5, we performedcatalysis [8,12]. Mutation of Arg15 to methionine did not
affect the ability of AlF4 to promote the interaction of in vitro translation reactions by using a cell-free system
derived from a yeast strain harbouring a temperature-eIF5 with eIF2.GDP. However, this surprising finding
is not unprecedented and resembles the situation for sensitive mutant of eIF5 [14]. Preincubation of lysates
from this strain at 37
C greatly decreases the rate of trans-RhoGAP in which the arginine required for catalysis does
not appear to stabilize the GAP.GTPase.GDP.AlF4 com- lation, and this can be increased 2–4-fold by the addition
of exogenous eIF5 [14]. Addition of wild-typemammalianplex [13]. Indeed, the fact that the Arg15Met mutant
Figure 3
Mutation of Arg15 abolishes eIF5 activity
in vitro. (a) GTPase assay. eIF2.
[-32P]GTP.Met-tRNAi.40S.AUG complexes
were formed and purified through a
Sepharose CL-6B column as described
previously [1,14]. Recombinant eIF5 (wild
type, Arg15Met, or Arg48Met) was added, and
at various time points, as indicated, samples
were removed and the products were
separated by thin-layer chromatography (on
polyethyleneimine sheets, [19]), followed by
phosphorimager analysis. The amounts of
32Pi released were calculated as a percentage
of the input, i.e., the total amount of 32P-
labeled complex loaded on to the TLC plate
for each time point. As a control, E.coli
extract, transformed only with empty vector,
was purified by the same procedure as for
the eIF5 proteins (PET). Similar data were
obtained in five independent experiments.
(b) In vitro translation. In vitro translation
reactions were performed with a yeast
cell–free system that was stimulated by the
addition of exogenously added eIF5 [14].
Reactions were performed over a 20 min
period, and rates of translation, as measured eIF2.GTPS.Met-tRNAi.40S.AUG complexes for 2.5 h. We then subjected samples
by [35S]methionine incorporation followed by were formed essentially as in (a) and then of the pellet material (40S ribosomal
TCA precipitation, were calculated. incubated with eIF5 (wild type or mutant, as fraction) to SDS-PAGE and western blotting
Translation rates were expressed as the fold indicated) for a further 4 min at 37
C. by using either anti-myc (to detect
stimulation over the background level (no Samples were then applied to a 0.8 M sucrose cosedimenting eIF5) or anti-eIF2 (to
added eIF5). The graphs show the mean cushion in 20 mM Tris (pH 7.5), 100 mM KCl, normalize for the amount of eIF2 present).
values  SEM (n  4). (c) Association of 5 mM MgCl2, and 5 mM -mercaptoethanol. The negative control (-ve) contained only
eIF5 with 40S preinitiation complexes. They were then centrifuged at 279,000  g wild-type eIF5 protein.
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eIF5 to this system stimulated translation approximately the hydrolysis of GTP bound to these proteins are also
supplied in trans. For the eukaryotic elongation factors,2.5-fold (Figure 3b). Likewise, eIF5 (Arg48Met) was able
to stimulate translation, and it did so to a similar extent. it is not clear which protein could play this role. However,
in the case of eRF3 and eIF5B, there are potential candi-In contrast, eIF5 (Arg15Met) was essentially inactive in
stimulating translation. This demonstrates that Arg15 is dates for the role of a GAP. The other termination factor,
eRF1, interacts with the C terminus of eRF3, and thisessential for the function of eIF5 in translation, and it is
consistent with the data for GTP hydrolysis in Figure 3a. region of eRF1 contains a conserved arginine flanked by
conserved hydrophobic residues that may act as an argi-
nine finger [17]. Consistent with this idea, deletion ofTo confirm that the defect in the function of the Arg15-
these residues severely impairs the ability of eRF1 toMet mutant did not stem from an inability to interact
stimulate the GTPase activity of eRF3 [17]. eIF5B itselfwith the 40S.eIF2.GTP.Met-tRNAi.AUGcomplex, we in-
contains a conserved arginine with adjacent hydrophobiccubated eIF5 proteins (wild type, Arg15Met, and Arg48-
amino acids that could act as an “internal GAP.” DynaminMet) with such 40S preinitiation complexes containing
provides a precedent for such a feature [18]. ConfirmationGTPS (to prevent hydrolysis) and centrifuged the pro-
of these possibilities will require further experimentalteins through a sucrose cushion to separate 40S preinitia-
work.tion complexes from unbound proteins (Figure 3c). In all
cases (wild type, Arg15Met, and Arg48Met) eIF5 proteins
Supplementary materialwere detected in the pellet fraction and cosedimented
Alignments of selected parts of the sequences of GTP binding trans-with eIF2 and 40S subunits. This indicates that neither
lation factors (Table S1) and potential GAPs (Table S2) are available
the Arg15Met mutant nor the Arg48Met mutant is defec- with the electronic version of this article at http://current-biology.com/
tive in binding 40S complexes. supmatin.htm.
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